[1] Much of our biogeochemical understanding of forest disturbances comes from studies of severe or stand-replacing events, which may have different impacts on coupled carbon (C) and nitrogen (N) cycling than subtler disturbances affecting only a fraction of the canopy. We measured a suite of interdependent C and N cycling processes following an experimental disturbance that accelerated mortality of the early successional canopy dominants (39% of basal area) in an aging secondary forest, hypothesizing that this subtle, spatially diffuse disturbance would temporarily decouple C and N cycles by decreasing belowground C allocation and thereby alter N cycling rates and pathways. We postulated that a short-term decrease in ecosystem C uptake and an increase in N leaching would accompany this decoupling, but that concomitant increases in N availability and uptake by later successional species would promote rapid resilience of coupled C-N cycles along new, stable trajectories. Disturbance decreased belowground C allocation and soil respiration, accelerated root turnover, and decreased root mass. These perturbations increased forest floor NH 4 + and NO 3 − availability and NO emission, and declining root function caused water stress and N deficiency in senescent trees. Foliar N and leaf area increased in later successional trees, suggesting that enhanced N uptake supported new leaf area production. Two years after disturbance, N leaching losses and the decline in net ecosystem CO 2 exchange were small, suggesting that coupled C-N cycling was resilient to this subtle experimental disturbance. Therefore, compared with the severe disturbances reported in the literature, our subtle disturbance likely will have different effects on longer-term forest biogeochemical trajectories.
Introduction
[2] The world's forests are subject to disturbances now occurring at a rate and spatial extent without precedent in recorded history and rivaled in recent geologic time only by Pleistocene glaciations [Davis, 1989; Overpeck et al., 1990; Webb and Bartlein, 1992] . However, while global disturbance frequency is on the rise, disturbance intensity is changing in many forested regions of the world. For example, in the Great Lakes region of North America, forest disturbances are transitioning away from severe events that historically caused complete stand replacement toward more subtle disturbances that cause only partial canopy defoliation or the loss of selected species [Pregitzer and Euskirchen, 2004; Birdsey et al., 2006; Luyssaert et al., 2008] . The principal cause of this change is a shift from widespread clear-cut harvesting and fire in primary forests in the late 19th to early 20th centuries to subtler anthropogenic and natural disturbances in recent decades that affect only one or a few tree species in each secondary forest community. These subtler disturbances include partial harvests, pathogenic insects, diseases, and age-related senescence [Kinney et al., 1997; Caspersen et al., 2000; Knohl et al., 2002; Birdsey et al., 2006; Lindroth et al., 2009] . The lattermost of these disturbances has become particularly common in older secondary forests of the Great Lakes region, where early successional (often clonal) canopy species are dying and giving way to later successional canopy dominants [Palik and Pregitzer, 1993; Frelich and Reich, 1995; Kneeshaw and Bergeron, 1998; Stearns and Likens, 2002; Wolter and White, 2002; Hill et al., 2005] . The rise of these subtler disturbances may have important consequences for coupled forest C and N cycling, but these consequences cannot be predicted from our current understanding, which is largely derived from studies of severe, stand-replacing disturbances and single-element dynamics in recently disturbed forests.
[3] Biogeochemical cycles of carbon (C) and nitrogen (N) are linked by multiple-component processes, but disturbances may decouple these cycles [Asner et al., 1997; Boerner et al., 2008; Vitousek and Howarth, 1991] . During a century of relatively low-disturbance regrowth, forests of the Great Lakes region have maintained C uptake rates that are generally constrained by N availability [Nadelhoffer et al., 1985; Nave et al., 2009; Zak et al., 1989] , but future coupling of C and N cycles may be temporarily disrupted as senescing early successional trees become net sources of, rather than sinks for, these elements. Studies of severe disturbances suggest that these events can rapidly decouple C and N cycles, decreasing forest production and consequently increasing N losses [Bormann and Likens, 1979; Foster et al., 1997; Sprugel, 1984] . These results may or may not apply to C and N cycling following subtler disturbances in which only a fraction of trees die, but this remains poorly known because few studies have examined coupled, ecosystem-scale C and N cycling after subtle disturbances [Kaye et al., 2005; Reich et al., 2001] . Because disturbances can create long-term biogeochemical legacies [Goodale and Aber, 2001; Gough et al., 2007] , quantifying disruptions in C and N cycling processes immediately following subtle disturbances may help elucidate how initial forest responses to disturbance drive longer-term trajectories of C storage and N availability.
[4] To determine the mechanisms by which coupled C and N cycles respond to the subtle disturbance of partial canopy mortality, and to test whether early responses initiate biogeochemical trajectories that are stable over longer time scales, we initiated a large-scale manipulation at the University of Michigan Biological Station (UMBS). The Forest Accelerated Succession Experiment (FASET), in which we stem girdled > 6700 early successional aspen (Populus spp.) and birch (Betula papyrifera) trees (comprising 39% of basal area) in 2008 within a 39 ha area, is testing the overarching, long-term hypothesis that annual net C storage, defined as net ecosystem production (NEP), will increase as the canopy becomes more biologically and structurally complex. In this paper, we test the short-term hypothesis that a subtle disturbance will decouple C and N cycles by decreasing belowground C allocation, increasing soil N availability and leaching, but that this decoupling will be temporary because of a mechanism for functional resilience: a rapid increase in N uptake and compensating growth by the residual canopy. We link our short-and long-term hypotheses by predicting that recoupling of C and N cycles along a new trajectory following the loss of early successional species will interact with changes in canopy structure to determine the eventual direction and magnitude of NEP recovery ( Figure 1 ). In assessing the broader impacts of our study, we discuss likely implications of similar disturbances on coupled C and N cycling, and on future NEP, in temperate forests with similar disturbance histories.
Materials and Methods

Study Site and Experimental Design
[5] We conducted this study at the University of Michigan Biological Station (UMBS), in northern Michigan (45°35′N, 84°43′W), where the mean annual temperature is 5.5°C and mean annual precipitation is 817 mm (including 294 cm snowfall). The study area encompasses ∼140 ha on a high outwash plain and adjacent gently sloping moraine. Nearly all soils in the study area are well to excessively well drained Haplorthods of the Rubicon, Blue Lake, or Cheboygan series. Soils throughout the study area have forest floors consisting of Oe horizons 1-3 cm thick overlying bioturbated AO horizons of 1-3 cm held together by dense fine roots. The remainder of the soil profile within the predominant rooting zone includes an E horizon of 10-15 cm and a Bs horizon of sand with occasional gravel and cobble. About 53% of the fine-root mass is located within the upper 20 cm of the soil profile. Forest floor C mass is 5-15 Mg C ha
, and the mineral soil is ∼95% sand and ∼5% silt, with pH 4.5-5.5 in water. Soils are of low fertility, with total N capital to 40 cm depth of 2000 kg ha −1 , an average in situ net N-mineralization rate of 42 kg N ha −1 yr −1 and < 2% net nitrification [Nave et al., 2009] .
[6] The forest structure within the study area is described in Table 1 . Bigtooth aspens (Populus grandidentata), although already undergoing age-related decline in some stands at the time of stem girdling, dominate the canopy of the secondary successional forest within the study area [Gough et al., 2010] . Other canopy species include red maple (Acer rubrum), red oak (Quercus rubra), white birch (Betula papyrifera), eastern white pine (Pinus strobus), trembling aspen (Populus tremuloides), sugar maple (Acer saccharum), and American beech (Fagus grandifolia). Forest composition and disturbance history at the study site are representative of forests across the northern Great Lakes region, where aspen-and Figure 1 . Measured and hypothetical NEP and N availability at UMBS before and following aspen and birch decline. Points are A, current NEP varies interannually because of climate, B, a period constrained by disturbance and recovery follows aspen and birch mortality, and C, short-term increases in N availability and allocation to the canopy persist into successional time, allowing diversification of canopy structure and an increase in average annual NEP, which is once again constrained by climate.
birch-dominated hardwoods replaced pine-hemlock (Tsuga canadensis) forests following clear-cutting and wildfires that ended in the early 20th century [Gough et al., 2007] . Stem girdling of the early successional species was a 3 week process in April-May 2008, and involved removing 5-8 cm tall strips of cambium, phloem, and bark from each bole. This was done by a team of chainsaw operators (who made two parallel cuts around the circumference of each bole) and a team of bark removers, who used crowbars to pry and peel the girdled bark strips from the trees. The stem-girdling treatment typically causes mortality of Populus spp. within 1 to 3 years and prevents the prolific root-sprouting ("suckering") behavior of this genus that is associated with cutting the trees down [Burns and Honkala, 1990] . This is an important distinction between our experimental disturbance, which mimics the gradual, in-place mortality that might be expected from a fungal disease or a series of defoliation events, and the silvicultural treatments most often applied to early successional forests in this region, which remove stems, open the canopy and stimulate suckering, and regenerate new cohorts of early successional species.
[7] We are assessing biogeochemical disturbance impacts by comparing C and N cycling in the treated (disturbed) area with a nonmanipulated control area. Ground-based measurements are conducted in 16 permanent plots nested within the footprints of separate treatment and control meteorological towers, which measure the net ecosystem CO 2 exchange (NEE, the tower-based measure of NEP) between forest and atmosphere. The treatment tower is positioned to the east (predominantly downwind) of the main 33 ha experimental disturbance area while the control tower is in the nonmanipulated forest 2 km to the west. Each of the towers is surrounded by a circular, 1.1 ha permanent plot of average landscape-level soil fertility, aboveground biomass, and species composition. Smaller plots (0.1 ha) are established at 100 m intervals along transects that radiate out from the meteorological towers, encompassing landscapelevel variations in biotic and abiotic properties. Statistical comparisons between treatments are made using a pairedplot design, in which the eight treatment and eight control plots most similar in canopy species composition and productivity were selected from a larger pool (n = 73) prior to girdling and matched using principal components analysis (PCA). The PCA was conducted using plot-level leaf litterfall as a measure of species composition (relative abundances of species groups). The first principal component axis corresponded to a gradient of maple versus oak + pine relative abundance, while the second axis defined a gradient in the relative abundance of aspen + birch. After using the PCA to find paired plots along these gradients of species composition, an additional filter was applied to ensure that paired plots had similar levels of productivity (assessed by similarity of plot-level total litterfall, the leaf area index (LAI)). Therefore, in addition to spanning landscape-level variations in species composition, the final plot pairs span a wide productivity gradient, with pretreatment LAI ranging from ∼2 to 7. Within the final set of paired plots, the two plots of each pair differed from one another by 0%-18% in the similarity of their total LAI and in the relative abundances of the species groups. Most of the differences between plots were <10%, and these differences were never directional with regards to treatment.
[8] Because this paper presents results from many collaborative projects occurring within the larger framework of the experimental manipulation, the number of paired plots used for measurement and analysis varies among different measurements. For example, some response metrics, such as fineroot nonstructural carbohydrate (NSC) content, are derived from spatially intensive sampling in the two 1.1 ha plots (control and disturbed; note further details about this analysis in section 2.10). Other measurements, such as LAI, were made on all 16 plots, and still others, such as NEE, are integrated landscape measures with no plot-based replication.
Soil Respiration and Environmental Parameters
[9] We concurrently measured soil respiration (R s ), soil temperature (T s ), and volumetric moisture content ( s ) in 16 paired control and treatment plots to determine how disturbance modified rates of belowground C cycling and associated environmental drivers. Point measurements of R s , T s , and s were made in summer 2009 in 4 and 8 subsampling locations within the 0.1 ha and 1.1 ha plots following the work of Curtis et al. [2005] , except that in the present study T s was measured at a 7.5 cm depth and s was measured to 20 cm with a CS620 soil moisture probe (Campbell Scientific, Inc., Logan,Utah). Soil respiration was measured with a LI-COR 6400 fitted with a soil cuvette. Site-level air temperature and precipitation were measured at a meteorological station on the UMBS campus, ∼2 km from the study area, facilitating comparison of longterm (1979-present) averages with growing season conditions during the 2007-2009 study period.
Fine-Root Nonstructural Carbohydrates
[10] We quantified fine-root nonstructural carbohydrate (NSC) concentrations to determine whether stem girdling reduced belowground labile C allocation, a C flux essential for sustaining root and rhizosphere metabolic processes . Fine roots were collected between 0800 and 1000 on 9 July 2009 in the control and treatment 1.1 ha plots, using a 7 cm diameter corer to obtain and pool three forest floor monoliths (2-5 cm thick) at 24 randomly selected locations in each plot. Forest floor samples were stored at −80°C, thawed individually, and gently washed to isolate roots 0.5 -2.0 mm diameter. These fine roots were then lyophilized and ground in a ball mill. Fine-root NSC concentrations were measured according to a method adapted from the work of Jones et al. [1977] for use on Populus tissues [Curtis et al., 2000; Gough et al., 2009] , which quantifies soluble sugars and starch (sum = total NSC). The method entails extracting soluble sugars from powdered fine roots with ethanol, digesting residual starch, and reading both NSC fractions as glucose equivalents on a Spectronic Genesys 2 spectrophotometer (Spectronic Analytical Instruments, Leeds, UK). All forms of nonstructural carbohydrate were converted to a percentage of fine-root dry mass basis for data analysis.
Fine-Root Turnover and Biomass
[11] We quantified fine-root turnover using minirhizotronbased analyses during summer 2009 using methods described in detail by Gough et al. [2008] , hypothesizing that girdling would enhance root mortality [Hendrick and Pregitzer, 1993; Johnson et al., 2001] . Briefly, images were collected in June, July, and September 2009 from four minirhizotron tubes each in eight paired control and disturbed plots, providing a time series of >6500 fine roots. A portable digital camera with a horizontal visual field of 18 mm recorded images to a depth of 1 m (model BTC-2, Bartz Technology Corp, Santa Barbara, California), which were analyzed using Rootracker V2.0 software (Duke University, Durham, North Carolina). Daily fine-root turnover rates for each plot were determined using the LIFETEST Procedure in SAS (SAS V8, SAS Institute, Cary, North Carolina).
[12] We measured fine-root biomasses in six paired plots during 2008 and 2009. We harvested 225 cm 2 of forest floor material at five locations in each plot and then extracted mineral soil in 10 cm increments to a 20 cm depth with a 5 cm diameter corer. We collected 20-40 cm depth mineral soil from two locations in each plot. Roots were separated from forest floor samples in their field-moist condition, while mineral soil was oven-dried prior to 2 mm sieving for fine roots. Root mass within each depth increment was scaled by the area sampled to estimate root biomass in Mg ha −1 , and soil bulk densities were checked to verify the collection of a consistent volume of soil within each depth increment across the two years.
Forest Floor N Availability
[13] We used ion-exchange resin (IER) bags (IERBs) to compare N availability in soil water percolating out of the forest floors in 14 of the 16 paired plots in 2008 and 2009. IERB methods were based on the works by Hobbie [2005] and Nilsson et al. [2006] . Briefly, each IERB consisted of 30 mL of Dowex Marathon MR-3 mixed-bed IER beads (Dow Chemical, Midland, Michigan) in a nylon foot stocking (MacPherson Leather, Seattle, Washington), packed into a PVC ring (5 cm diameter, 2 cm height). To deploy each IERB, we used a square template (225 cm 2 ) to cut the forest floor along three sides and fold the resulting flap of forest floor aside to expose the E horizon. Each IERB was placed within a precisely excavated space at the top of the E horizon, and the flap of forest floor was then folded back into place. We randomly deployed nine ERBs in each plot from 3 July through 17 September 2008 and eight IERBs per plot from 4 June through 9 September 2009. After collection, IERBs were extracted with 100 mL of 2M LiCl, and the extract solutions were analyzed for NH 4 -N and NO 3 -N concentrations on a SmartChem 200 (Westco Scientific Instruments, Brookfield, Connecticut) using EPA 350.1 and EPA 353.2 methods, respectively. Inorganic N concentrations were scaled by extract volume, resin mass, and PVC ring area to calculate indices of NH 4 + and NO 3 − availability across years and plots.
Soil Nitrogen Gas Flux and Leaching
[14] We measured the efflux of NO from the surface of the forest floor using collars deployed in 12 paired plots using a custom-built chemiluminesence measurement system [McCalley and Sparks, 2008] in order to quantify postgirdling changes in soil N transformations. In welldrained soils, NO is produced primarily during nitrification as an intermediate product during the series of reactions that oxidize NH 4 + to NO 3 − [Davidson et al., 1993; Hall et al., 1996; Russow et al., 2008] . Because it is an intermediate product, we took soil NO efflux to be a measure of the process rate of nitrification rather than the net availability of NO 3 − , which we measured with IERBs. Measurement collars were PVC pipe 24 cm in diameter, 18 cm in height, and inserted to a depth of 9 cm. After measuring baseline NO partial pressure above the soil surface adjacent to each collar, the collar was covered with a top bearing inlet and outlet ports, thermocouples to monitor soil and ambient temperatures, a relative humidity sensor, and a manometer (model HHP-2080; Omega Scientific, Tarzana, California). Sample air from each collar measurement entered a chemiluminesence NO detector (model 42i TL; Thermo Scientific, West Palm Beach, Florida), which detects light from the reaction between NO and O 3 . The system has a detection limit of 50 parts per trillion by volume (pptv), an order of magnitude lower than most NO sensors currently in use in ecological research, and was calibrated daily in the field by sequential dilution of a NO standard (Scott Specialty Gases, Irvine, California). The system is field portable, and power was provided by line power or a generator.
[15] We quantified N leaching losses with zero-tension lysimeters (ZTLs). In each plot, two clusters, each with three ZTLs, were installed within 2.1 m of a target tree (a girdled aspen or birch in treatment plots, nongirdled aspen or birch in control plots). Two of the three ZTLs in each cluster were at a 60 cm depth and the other was at 10 cm; we report only 60 cm data here. ZTL installation began in 2007, continued in 2008, and all ZTLs acclimated over one winter before being sampled. ZTL samples were collected within 1 week of a rain event during the season of the year without continuous snow cover. Sample processing followed that of McDowell et al. [2004] . Samples were filtered, acidified, and stored at −30°C until analysis. Samples were analyzed for NO 3 − -N and NH 4 + -N in the same manner as IERB extracts. Sample concentration values were averaged in each plot across collection dates to produce a single mean value for each plot in 2008 and 2009. These mean N concentration values were converted to mass of N leached to 60 cm by multiplying by the season average net hydrologic flux, calculated by subtracting seasonal total evapotranspiration from season total precipitation. One assumption that is important to note about this method, which uses seasonal total evapotranspiration as measured by eddy covariance, is that our hydrologic budget does not include runoff. However, we suggest that this assumption is safe at our site, which has coarse-textured soils and a very high infiltration capacity and is not drained by any surface water features.
Leaf Area Index
[16] We estimated plot-level LAIs from measurements of overstory leaf litter mass, which was quantified using three litter traps (0.264 m 2 ) in each of the 16 paired plots. Leaf litter was removed from litter traps weekly during leaf abscission and monthly otherwise, separated by species, dried, and weighed. The LAI was calculated as a plot-level mean for each species from its litterfall mass and its specific leaf area (SLA), the latter of which was measured for a subset of leaves of each species during 10 years of litterfall collection with a LI-3100 leaf area meter (LI-COR, Lincoln, Nebraska).
Foliar Carbon and Nitrogen
[17] We used shotguns to sample upper canopy leaves for C and N analysis, with slight differences in sampling design between years. In 2007, before PCA plot pairs were established, we sampled one tree each of the dominant species during the first week of September in four plots designated to be girdled, but we did not include these samples in any formal statistical analyses. Rather, since stem girdling was not implemented until the following spring, we used these pretreatment samples to determine whether significant differences between control and treatment green leaf chemistry observed in 2008 and 2009 were likely to have existed prior to stem girdling. In 2008 and 2009, we sampled two to three trees of each species in eight of the paired plots during the final week of August. For every tree's foliar sample, we acquired at least three upper canopy leaves, which were dried at 60°C, ground in a ball mill, and analyzed at UMBS on a Costech Analytical CHN analyzer (Costech Analytical, Valencia, California) coupled to a Finnigan Delta Plus XL isotope ratio mass spectrometer (Thermo Scientific). Instrument error as checked by repeated internal standards was ± 0.16‰ for d 15 N, ± 0.38‰, for d 13 C, and ± 0.18 for %N (standard deviations).
2.9. Net Ecosystem CO 2 Exchange, Gross Primary Production, and Ecosystem Respiration
[18] We used eddy covariance to measure fluxes of CO 2 and heat and water vapor between the atmosphere and the forest canopy in control and treatment areas in order to quantify disturbance effects on net annual C storage, or NEE, and its component terms (gross primary production (GPP), and ecosystem respiration R e ) Sensors were deployed at 34 and 46 m above ground on the control tower and 32 m on the treatment tower. Wind velocity and temperature fluctuations were measured using three-dimensional sonic anemometers (model CSAT3, Campbell Scientific); CO 2 and water vapor concentrations were sampled at 10 Hz using closed-path infrared gas analyzers (IRGAs) (LI-COR models LI-6262 and LI-7000) and compiled into half-hour block averages of net fluxes following the AmeriFlux protocol (J. W. Munger and H. W. Loescher, Guidelines for making eddy-covariance measurements, 2009, available at http://public.ornl.gov/ ameriflux/sop.shtml, accessed 16 February 2011). Water vapor and CO 2 concentrations were adjusted using the Webb, Pearman, and Leuning correction in a modified form derived by Detto and Katul [2007] as a correction for the 10 Hz time series of the scalar.
[19] Following Curtis et al.
[2005], we defined three seasons within each calendar year: dormant, early, and late growing season. The 30 min data within each season were further divided into daytime and nighttime observations, defined by above canopy photosynthetically active radiation (PAR) measurements. Data were filtered based on a seasonal frictional velocity (u*) threshold criterion [Reichstein et al., 2005; Papale et al., 2006] , with a prescribed maximum u* threshold of 0.35 m s −1 [Schmid et al., 2003] . R e was calculated using site-specific empirical formulas [Curtis et al., 2005] , which relate nighttime NEEs to soil moisture and temperature. We used a bilinear periodic method to fill gaps in temperature, moisture, humidity, and radiation observations and assumed that CO 2 fluxes during nighttime in all seasons and during the daytime in the dormant season were driven entirely by R e . We used the empirical respiration equations to gap-fill NEEs during all nights and dormant season days. Gaps in daytime GPPs during the growing seasons were filled using the mean of 100 neural network simulations [Papale and Valentini, 2003] . A gapfilled GPP was added to R e to provide a gap-filled NEE. Since the treatment tower sampled a footprint larger than the 33 ha of contiguous experimental girdling area, we used a two-dimensional (2-D) footprint model [Hsieh et al., 2003; Detto et al., 2006] that we modified to automatically integrate the flux-source probability over the treatment area and thus provide an index for the treatment footprint probability in each 30 min block average period. We then used the probabilistic flux footprint climatology [Chen et al., 2009 ] to scale our conclusions to fluxes originating only from the disturbed area.
[20] Despite the fact that measurements at both sites were done above the canopy, measurements that are conducted within the roughness subdomain, which can extend as high as 4 times the canopy height, can be biased by surface and forest features near the measurement location [Bohrer et al., 2009] . Accordingly, our CO 2 flux measurements at 32 and 34 m were consistently lower than at 46 m, causing the CO 2 flux measurements reported in this paper to differ substantially from those previously published from the control tower [e.g., Gough et al., 2008] . In the present analysis, we assessed treatment effects by comparing fluxes measured at 34 m on the control tower and 32 m on the treatment tower, which exhibited a 1:1 NEE relationship prior to treatment (not shown).
Data Analysis
[21] For ground-based ecological measurements, we compared treatment means over time using a time series analysis of variance (ANOVA) in which paired control and treatment plots served as blocked replicates. Our paired-plot design accounted for spatial variations in ecological processes and their treatment effects by capturing the inherent variability in response parameters within the treatment and control areas. A t test (two-sample rather than paired) was used for fine-root NSC concentrations because this response statistic was measured only on a single date and because we treated the 24 samples from each of two plots as replicates, rather than the plots themselves. We conducted statistical analyses using SAS and SigmaPlot (SAS Inc., Cary, North Carolina; SYSTAT Inc., San Jose, California). For all analyses, we used P = 0.05 as the threshold for statistical significance, and for all ANOVA tests requiring pairwise contrasts we used Fisher's least significant difference (LSD).
[22] We quantified uncertainty in C cycling parameters derived from meteorological tower data by accounting for random errors in the flux measurements using the daily differencing approach developed by Hollinger and Richardson [2005] . This assumes flux measurements made at the same time on consecutive days, under similar environmental conditions (half hourly means of PAR within 75 mmol m −2 s −1 , temperature within 3°C, and wind speed within 1.0 m/s), will be equivalent. We expand on their random error approach by incorporating the random error associated with our gap-filling techniques for R e and GPP, providing a more conservative estimate of random error. Errors of R e are pulled from the regression of our empirical R e formulas. Errors for GPP were found from the standard error of the 100 neural network GPP simulations. A weighted average of these three half-hour random errors is used to integrate yearly and seasonal random errors and to process specific random errors.
Results
Belowground C Cycling
[23] Concurrent reductions in soil respiration, fine-root NSC concentrations and biomass, and an increase in fine-root turnover indicate that stem girdling of early successional aspen and birch trees initiated a cascade of interrelated changes in belowground C cycling. Soil respiration of control and treatment plots began to diverge during midsummer 2009 (the second growing season following experimental treatment), providing a broadly integrated signal of the effect of stem girdling on belowground C cycling processes, with fluxes up to 39% lower in the treatment area (Figure 2a ). Significant differences in soil respiration between treatments persisted for the remainder of the 2009 measurement period and into the dormant season. Soil temperature and moisture, two primary modulators of soil respiration at our site [Curtis et al., 2005] , varied substantially over time (Figures 2b and  2c ), but did not significantly differ between treatments. Coincident with soil respiration declines, the girdling treatment significantly reduced NSC allocation to fine roots, while prompting an increase in fine root turnover. Fine roots from the disturbed stand had significantly lower NSC concentrations than those in the control area (Figure 3a ; P < 0.05). This pattern of lower NSC concentrations in disturbed plot fine roots coincided with elevated rates of fine-root turnover during summer 2009 (Figure 3b ). From June through August, fine-root turnover was 10-fold higher in disturbed than control plots. This acceleration of fine-root turnover occurred without net replacement at 10-20 cm soil depth, as indicated by significant reductions in fine-root biomass in disturbed plots from 2008 to 2009 (Table 2) . Overall, patterns of postdisturbance belowground C cycling show that girdling decreased belowground labile C allocation, which in turn caused declines in root mass and soil respiration.
Belowground N Cycling
[24] Significant postdisturbance shifts in belowground N availability, cycling, and leaching, particularly in 2009, indicate partial decoupling of belowground C and N cycles shortly after implementation of the girdling treatment. Forest floor NH 4 + availability was slightly, though not significantly elevated in treatment relative to control plots in 2008, a + availability increased dramatically (Figure 4a ). Soil surface NO efflux ( Figure 5 ) responded similarly to NH 4 + availability, with marginally and then significantly higher rates in the treatment area during the two growing seasons following girdling (P < 0.01). Forest floor NO 3 − availability was significantly higher in disturbed than in control plots in 2008 (P < 0.01), a treatment effect that ceased in 2009 (Figure 4b ). Nonetheless, NO 3 − leaching to 60 cm depth was significantly higher in treatment than control plots in 2009 ( Figure 6 ; P < 0.05), although it was not possible to directly compare treatment and control NO 3 − leaching in 2008 because of incomplete lysimeter installation. Collectively, the numerous changes in belowground N cycling processes indicate that stem girdling of early successional canopy dominant trees disrupted formerly tight linkages between belowground C allocation and soil N transformations, with detectable but minimal effects on soil N retention.
Canopy LAI and Physiology
[25] Shifts in LAIs from 2008 to 2009 indicate dynamic changes in the canopy of the treatment area following disturbance. Total LAIs in the control and treatment plots did not change significantly from one year to the next despite a coincident decline in treatment plot aspen and birch LAIs (Figure 7 ). We observed a significant 1 year decrease in aspen and birch LAIs of 29% in treatment plots, a rate 2.6 × that of the control. Maintenance of total leaf area in the treatment area indicates that precipitous declines in early successional aspen and birch LAIs were offset by rapidly proliferating leaf areas from later successional species.
[26] Foliar (Table 3) .
[27] Foliar N concentrations lend additional insight into the cause of accelerated decline of early successional aspen, as well as the effects of enhanced belowground N availability in disturbed plots on later successional species and their LAI proliferation. Stem girdling decreased N uptake by bigtooth aspen (Figure 8b ), causing significantly lower foliar %N in treatment relative to control plots in 2008 and 2009 (treatment P < 0.001). Red maple showed the opposite pattern, with significantly elevated foliar %N in treatment compared with that of control plots (P < 0.05). The tendency for red oak to have slightly higher foliar %N in treatment , with standard errors in brackets. b Denotes significantly different rate of interannual change between treatments in this layer, as determined by repeated measures ANOVA on paired-plot fine root biomass (see section 2.1). than control plots was not significant. Altogether, stem girdling decreased the ability of early successional aspen to acquire N for foliage, while increased red maple foliar N in the treatment area indicates that this species was an important N sink during aspen senescence.
[28] Following stem girdling, pervasive foliar 15 N enrichment in disturbed plots coincided with elevated rates of belowground N cycling and loss, a pattern commonly observed under conditions of fast or leaky N cycling [Craine et al., 2009; Högberg, 1990] . All three species sampled exhibited higher foliar d 15 N in treatment than control plots (Figure 8c ), although these differences constituted significant treatment effects for later successional red maple (P < 0.05) and red oak (P < 0.01), but not the declining bigtooth aspen. In addition, all three species showed significant interannual variations in foliar d 15 N between 2008 and 2009. Specifically, aspen and oak from both treatments became more 15 N enriched (P < 0.001) during that interval, while red maple became significantly more depleted (P < 0.01). (Figure 10 ). The magnitude of GPP and R e varied considerably across years and between treatments. However, these two large oppos- 
Discussion
[30] Our experimental treatment directly affected only a fraction of mature canopy trees, mimicking disturbances such as pathogenic insects or fungi that target trees of a particular species within a mixed canopy and cause them to die over the course of several years [Hancock et al., 2008; Nuckolls et al., 2009] . Because of the patchiness and subtle intensity of our experimental disturbance, which targeted only early successional tree species, its impacts on ecosystem C uptake and N leaching were modest, and will likely be short-lived because of rapid compensatory growth and N uptake by later successional trees. This rapid resilience in ecosystem-scale C and N cycles and the maintenance of relatively tight coupling between the two biogeochemical cycles set our experimental disturbance apart from more commonly studied severe events [Bormann and Likens, 1979; Gough et al., 2007; Kashian et al., 2006; Wirth et al., 2002] .
In addition, the divergent responses indicate improved biogeochemical understanding of subtle disturbances and the mechanisms directing functional resilience are important for accurately projecting disturbance effects on N cycling and the terrestrial C sink over space [Magnani et al., 2007; Thornton et al., 2002] and time [Aber et al., 2002; Law et al., 2001] .
[31] Our study identifies a mechanism that makes coupled C and N cycling resilient to subtle forest disturbances. Specifically, the presence of abundant later successional trees that were not directly affected by the experimental disturbance was an efficient means for retaining the actively cycling soil N that was no longer being accessed by the early successional species. Rapid, efficient redistribution of N from the senescing aspens and birches to the longer-lived later successional trees allowed the avoidance of ecologically significant N leaching during the disturbance period. Although the 10-fold increase in NO 3 − leaching in our experiment (disturbed versus reference plots) was similar in magnitude to that of more severe disturbances [Gundersen et al., 2006] , the quantity of NO 3 − leached was considerably smaller (<0.2 versus ∼10 to >40 kg NO 3 -N ha ) [Houle et al., 2009; Pardo et al., 2002] . Together, minor inorganic N losses from this N-limited forest and the slight decrease in C uptake differentiate our experiment from studies that examined early effects of severe disturbances, which exhibit large N losses and/or substantially reduced forest production [Bormann and Likens, 1979; Chertov et al., 2009; Davis et al., 2003; Gough et al., 2007; Gundersen et al., 2006; Law et al., 2001] .
[32] Our experiment identifies a suite of interdependent, process-level changes in forest biogeochemistry and structure following disturbance, which ultimately led to nearcomplete N retention and, consequently, avoided a precipitous decline in C storage. The first impact of disturbance was to decrease belowground C allocation, evidenced by declines in soil respiration, root NSC pools, and fine-root biomass. By physically preventing the transport of photosynthate belowground, much as larval insect galleries do, stem girdling decreases soil respiration [Frey et al., 2006; Högberg et al., 2001; Scott-Denton et al., 2006] and root NSC pools, which are essential to belowground metabolic processes. In our disturbed site, a decline in root NSC compromised root metabolism, thereby accelerating fine-root turnover and decreasing root biomass. Decreased fine root biomass has been observed following stem girdling or thinning [Sullivan et al., 2008; Nuckolls et al., 2009; Tian et al., 2009] , although root proliferation by healthy trees may compensate [Dore et al., 2010] . Overall, the net effect of experimental disturbance on the belowground C cycle in our study was to temporarily decrease the amount and ability of roots to maintain essential functions, opening the door for perturbations to the belowground N cycle.
[33] Decreased belowground C allocation following disturbance increased belowground N availability and cycling rates, although these changes had only modest effects on belowground N retention. Increased NH 4 + availability is a common effect of disturbance, which decreases rates of photosynthate-driven, ammonium-consuming processes, including root, mycorrhizal, and microbial uptake [Johnson and Edwards, 1979; Lindahl et al., 2010; Zeller et al., 2008] . Higher soil NO emissions indicate that the soil microbial community responded to elevated NH 4 + availability with accelerated nitrification rates, which also have been observed following wildfires and clear-cuts [Holmes and Zak, 1999; LeDuc and Rothstein, 2007; Westbrook and Devito, 2004] . In disturbed plots, accelerated forest floor nitrification exceeded NO 3 − consumption by roots, mycorrhizae, and microbes, causing elevated NO 3 − availability in 2008, NO 3 − leaching in 2009, and foliar 15 N enrichment in the three dominant tree species in both years. Foliar 15 N enrichment indicates NO 3 − losses from the rooting zone inorganic N pool [Högberg, 1990] , but the modest degree of enrichment in our study (0.4‰-1.0‰) contrasts with more intense forest disturbances (2‰-4‰ in the works by Pardo et al. [2002] and Smaill et al. [2009] ). This faint isotopic fingerprint of N leaching underscores the subtlety that sets our low-intensity experimental disturbance apart from more severe events: Despite elevated NO 3 − leaching, most N in the actively cycling inorganic pool was retained, enabling redistribution to rapidly proliferating, later successional tree canopies.
[34] As disturbance accelerated the decline of early successional species and consequently decreased their demand for N, increased N availability allowed later successional species to access more soil N in support of new leaf area production. In disturbed plots, decreases in early successional species' LAIs were concurrent with declining fineroot mass, and the foliar 13 C enrichment prevalent among girdled aspens was not noted for other species, suggesting heightened water stress as senescent fine roots deteriorated [Zwieniecki et al., 2000 [Zwieniecki et al., , 2004 . As their root function declined, girdled aspens also reduced N uptake and allocation to foliage. Girdled aspens had significantly lower foliar %N than those from control plots, a pattern opposite that observed for later successional red maple and one that suggests rapid reallocation and retention of N within the Figure 10 . Growing season gross primary production (GPP) and ecosystem respiration (R e ) in the (a) control and (b) treatment meteorological tower flux footprints before and following the girdling of mature aspen and birch, 2007-2009. canopy as N availability increased. These results indicate that later successional trees comprised an important N sink, a common ecological role of residual vegetation during periods of disturbance-enhanced N availability [Likens et al., 1970; Swank et al., 2001] . With efficient retention and redistribution of canopy N and consequent maintenance of total canopy LAI, we observed only a subtle growing season NEE decline (−9%) in the disturbed forest that was well within the bounds of climate-driven interannual variation [Gough et al., 2008] . Temperate forests disturbed by partial canopy defoliation from wind or insects also exhibited NEE declines [Allard et al., 2008; Clark et al., 2010] , although such changes typically are of smaller magnitude and shorter duration than stand-replacing disturbances [Amiro et al., 2010] . Comparable to that of other partial canopy defoliation studies, our experiment's slight NEE decline was caused by a greater decrease in GPP, which is largely constrained by LAI, than in R e [Amiro et al., 2010; Dore et al., 2010; Misson et al., 2005] . We note, however, that treatment effects on NEE are expected to change over time as lagged consequences of disturbance, such as the delayed decomposition of dead trees, alter the balance between GPP and R e . Modest changes in R e two years following treatment reflect short-term changes in the rhizosphere metabolism of dying trees; however, we anticipate that R e will increase as dead trees, now standing, fall and come into contact with moist soils that prime wood decomposition [Martin et al., 2005] . Indeed, decomposition and resulting respiration rates of aspen woody debris at our site are highly dependent on moisture content [Gough et al., 2007] .
[35] In summary, we have used an experimental approach to elucidate mechanisms promoting biogeochemical resilience in a subtly disturbed forest. Our experimental disturbance simulated natural processes that target the early successional canopy dominants, decreasing belowground C allocation but allowing for efficient redistribution of actively cycling N away from these senescing early successional species to later successional trees. Because the senescence induced by experimental disturbance was diffuse over space and time during this 2 year study period, the forest avoided the large N losses that cause C storage to decline following severe disturbances. Severely disturbed forests may recover lost N stocks and return to predisturbance levels of C storage over time scales of decades to a century [Bormann and Likens, 1979; Kashian et al., 2006] , but that our subtly disturbed forest seems to be averting this intervening period of decreased N availability and production suggests it is on a track toward biogeochemical reorganization much sooner and with a greater share of actively cycling N still intact than if it had been severely disturbed. This has broader implications for the way that forests of similar disturbance history and species composition are managed, because it suggests that it may be possible to remove mature early successional trees while maintaining sufficient site biomass for N retention and sustained net C uptake. This approach, typically involving silvicultural prescriptions for various levels of thinning, is a generally accepted way to maintain both timber production and C sequestration in maturing forests [Gough et al., 2010; Paul et al., 2002; Jandl et al., 2007] . However, we stress that if such management plans were to be implemented for forests like the one we describe in the present experiment, there would be a tight balance to strike between removing enough biomass for a meaningful harvest and not removing so much as to trigger N leaching, reduced C uptake, and regeneration of shade-intolerant early successional species.
[36] Looking to the future, we hypothesize that the changes in N cycling and uptake by later successional trees that have emerged during this disturbance phase have shifted the N cycle to a fundamentally different, faster track, one that will interact with increasing canopy complexity over successional time to enhance the rates of C uptake and storage by this forest. Structurally complex forest canopies with multiple layers and many canopy gaps are more efficient at intercepting light than structurally simpler ones and thus may contribute to higher C uptake [Ahl et al., 2004; Ishii et al., 2004; Martin and Jokela, 2004; Duursma and Makela, 2007] , and forthcoming observational studies at our site indeed indicate that stands with increased canopy structural complexity and N availability have higher rates of C storage [Hardiman et al., 2011] . Together these biogeochemical and structural changes following our subtle experimental disturbance may form a mechanistic basis for recent work showing that forests are capable of storing C for centuries [Luyssaert et al., 2008] , redefining our understanding of the biogeochemical functioning and ecosystem services provided by later successional forests.
